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(57) ABSTRACT

The present disclosure relates to methods for determining
recombination characteristics at metallized semiconductor
surfaces and of metallized semiconductor junctions, based
on photo-conductance decay measurements. Dedicated test
structures are used comprising a plurality of metal features
in contact with a semiconductor surface at predetermined
locations, the metal features being provided in a plurality of
zones, each of the plurality of zones having a different metal
coverage. The method comprises performing a photo-con-
ductance decay measurement in each of the plurality of
zones, thereby determining effective lifetimes for different
injection levels as a function of metal coverage; and extract-
ing the recombination characteristics from the determined
effective lifetimes.
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1
METHOD FOR THE EXTRACTION OF
RECOMBINATION CHARACTERISTICS AT
METALLIZED SEMICONDUCTOR
SURFACES

CROSS-REFERENCE TO RELATED
APPLICATION

This application claims priority to European Patent Appli-
cation No. 13185659.3 filed on Sep. 24, 2013, the contents
of which are hereby incorporated by reference.

FIELD

The present disclosure relates to methods for the extrac-
tion of recombination characteristics at metallized semicon-
ductor surfaces and of metallized semiconductor junctions,
such as p-n junctions or high/low junctions, based on
photo-conductance decay measurements.

Methods of the present disclosure may, for example, be
used for determining recombination characteristics of pas-
sivated emitter and/or base contacts of photovoltaic cells.

BACKGROUND

In silicon based devices such as silicon photovoltaic cells,
the metal-silicon interface at the metal contacts provides a
highly recombination active surface for minority charge
carriers. This may result in recombination currents and
degradation of the device performance. For example, the
open-circuit voltage V. of photovoltaic cells decreases with
increasing recombination at the metal contacts. Reduction of
recombination currents at metal contacts is considered to be
a critical aspect of enhancing efficiencies of highly efficient
silicon photovoltaic cells.

The saturation current density of metallized semiconduc-
tor (e.g., silicon) junctions is a measure for the magnitude of
the recombination current and thus for the effective surface
recombination velocity of the metallized junction.

Recombination at a metal-emitter interface of a silicon
photovoltaic cell, for example, may be determined by
extracting the saturation current density of the metallized
emitter from J_-V_. (short circuit current density—open
circuit voltage) measurements and from dark current mea-
surements as a function of metal coverage. Such measure-
ments may need to be done at a device level, which means
that it may only be possible to do the measurements on
finished devices. This is generally a disadvantage since
devices may be complicated and may require many process
steps to finish. Using this method, it may not be possible to
separate the influence of individual process steps on the
recombination at the metal contacts.

It may be desirable to be able to determine surface
recombination characteristics at metallized surfaces without
the need for full device processing. This would allow
gathering recombination information at different stages of
the processing and separating the influence of individual
process steps on the recombination characteristics. Exact
knowledge of the injection level is important for such
measurements, since various contributions to the recombi-
nation current are injection level dependent.

Photoluminescence measurements can be done at differ-
ent stages of the processing and have the advantage of
spatial resolution, but obtaining information on the injection
level may only be possible by using complicated algorithms.
This can compromise the reliability of saturation currents
extracted using such techniques.
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Photo-conductance decay measurements allow for effec-
tive lifetime extraction at different injection levels. Such
measurements have been used for the determination of the
(emitter) saturation current density at high injection levels.
When using this approach for the measurement of the
saturation current density at a metal/silicon interface, care
should be taken to prevent wafer conductivity to be domi-
nated by the metal layer. Therefore, a very thin metal layer
(e.g., an Al layer with a thickness of about 1 nm) can be used
to permit a photo-conductance decay measurement on such
structures. It is a disadvantage that such thin aluminum
layers may be fully oxidized before measurements are done,
since aluminum is known to react with oxygen in ambient air
to form aluminum oxide. Furthermore, there are many
metallization techniques that do not allow for the deposition
of such thin metal layers.

Photo-conductance calibrated photoluminescence imag-
ing has been used for the local determination of saturation
current densities of highly doped regions in silicon wafers,
as reported by J. Mueller et al. in “Reverse saturation current
density imaging of highly doped regions in silicon: A
photoluminescence approach,” Solar Energy Materials &
Solar Cells 106 (2012) 76-79. The saturation current density
is determined under high injection conditions based on
photo-conductance calibrated photoluminescence images
acquired at different high injection levels. By providing an
optical short pass filter in front of the camera detecting the
luminescence photons, the technique can also be applied to
partially metallized samples. Using this measurement
method the recombination at metal contacts to highly doped
silicon can be quantified. It is a disadvantage of this method
that saturation currents can only be extracted at high injec-
tion levels, and that the determination of injection levels
requires calibration with contactless photo-conductance
decay measurements and the use of both long and short
wavelength pass filters in front of the detector. The thinner
the wafer, the shorter the wavelength at which the cut-off
needs to be made. Therefore, the method may not be suitable
for measurements on thin wafers.

SUMMARY

The present disclosure provides methods for the extrac-
tion of recombination characteristics at metallized semicon-
ductor surfaces from photo-conductance decay measure-
ments, wherein the methods can be used at arbitrary
injection levels, for instance, at high injection levels and/or
at low injection levels.

The present disclosure provides methods for the extrac-
tion of recombination characteristics at metallized semicon-
ductor surfaces from photo-conductance decay measure-
ments, wherein the need for using a very thin metal layer can
be avoided.

In the context of the present disclosure, a recombination
characteristic can, for example, comprise a saturation cur-
rent density, an upper limit or a lower limit of a saturation
current density, a surface recombination velocity, an upper
limit or a lower limit of a surface recombination velocity,
and/or an (inverse) effective lifetime.

In the context of the present disclosure, a metallized
semiconductor surface may be a semiconductor surface
covered by a metal layer, wherein the metal layer is in direct
physical contact with the semiconductor surface. In the
context of the present disclosure, a metallized semiconduc-
tor surface may also be a semiconductor surface covered by
a stack comprising a thin passivation layer (e.g., having a
thickness less than about 5 nm) and a metal layer (also



US 9,465,069 B2

3

referred to as a passivated contact), wherein the passivation
layer is sufficiently thin to enable an electrical contact
between the semiconductor and the metal, e.g., sufficiently
thin to allow a tunnel current passing through the thin
passivation layer. For example, the stack may comprise a
dielectric layer, e.g., silicon oxide layer, and a metal layer.
For example, the stack may comprise a dielectric layer (e.g.,
aluminum oxide layer), a poly-silicon layer (e.g., p** poly-
silicon) and a metal layer (e.g., aluminum layer). For
example, the stack may comprise an amorphous silicon layer
and a metal layer.

This disclosure is related to methods for the determination
of injection dependent recombination characteristics at met-
allized semiconductor surfaces, such as metallized silicon
surfaces, based on effective lifetime measurements as a
function of metal contact area coverage. The present disclo-
sure is further related to methods for the determination of
saturation current densities of metal contacted junctions at
high injection levels based on effective lifetime measure-
ments.

A method for determining a recombination characteristic
at a semiconductor surface according to embodiments of the
present disclosure includes providing a test structure. In one
example, the test structure comprises a semiconductor sub-
strate having a first surface and a second surface opposite to
the first surface, a first passivation layer on the first surface,
a second passivation layer on the second surface, the second
passivation layer having a plurality of openings at predeter-
mined locations, and a plurality of metal features in (elec-
trical) contact with the second semiconductor surface at the
predetermined locations, thus forming metallized surfaces at
the predetermined locations and non-metallized outside the
predetermined locations. In this example, a characteristic
size of the metal features is smaller than an effective
diffusion length in the underlying semiconductor at the
predetermined locations and the metal features are provided
with a spacing smaller than an effective diffusion length in
the underlying semiconductor outside the predetermined
locations. The metal features may be grouped in a plurality
of zones, wherein each of the plurality of zones has a
different metal coverage. The method further includes per-
forming a photo-conductance decay measurement in each of
the plurality of zones, thereby determining effective life-
times for different injection levels as a function of metal
coverage, and extracting the recombination characteristic
from the measured effective lifetimes. In the context of this
example, the metal coverage is defined as the ratio between
the contacted area (metallized surface area) and the total area
of a zone.

In embodiments of the present disclosure, the first passi-
vation layer of the test structure may be a continuous layer
covering the first surface. In other embodiments, the first
passivation layer of the test structure may have a plurality of
openings at predetermined locations (as for the second
passivation layer), and a plurality of metal features in
contact with the first semiconductor surface at the predeter-
mined locations. In such embodiments it is preferred to align
the plurality of metal features in contact with the first surface
to the plurality of metal features in contact with the second
surface. It may be an advantage of using a continuous first
passivation layer covering the first surface that there is no
need for performing such alignment.

In a method of the present disclosure, extracting the
recombination characteristic from the measured effective
lifetimes may comprise determining a difference between
the recombination characteristic at a metallized surface and
the recombination characteristic at a non-metallized surface
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for each of the injection levels from a slope of a linear fit of
inverse effective lifetime versus metal coverage. This dif-
ference may be considered as a lower limit for the recom-
bination characteristic at the metallized surface.

The method may further comprise determining an upper
value (estimate) of the recombination characteristic at a
non-metallized surface and/or determining a lower value
(estimate) of the recombination characteristic at a metallized
surface for each of the injection levels from a slope of a
linear fit of inverse effective lifetime versus metal coverage.

Extracting the recombination characteristic in a method of
the present disclosure may comprise determining an upper
limit of the recombination characteristic at a non-metallized
surface from an intercept with a zero metal coverage axis of
a linear fit of the inverse effective lifetime versus metal
coverage.

In embodiments of the present disclosure, the recombi-
nation characteristic may be a surface recombination veloc-
ity, an inverse lifetime, or a saturation current density.

In embodiments of the present disclosure the semicon-
ductor substrate of the test structure may comprise a first
doped region forming a first p-n junction underlying the first
surface and/or a second doped region forming a second p-n
junction underlying the second surface.

In embodiments of the present disclosure the semicon-
ductor substrate of the test structure may comprise a doped
region forming a first high-low junction underlying the first
surface and/or a second doped region forming a second
high-low junction underlying the second surface.

In a method according to embodiments of the present
disclosure, wherein the semiconductor substrate comprises a
first p-n junction (or a first high-low junction) underlying the
first surface and a second p-n junction (or a second high-low
junction) underlying the second surface, extracting the
recombination characteristic may comprise determining a
total saturation current density at high injection for each
metal coverage from a slope of inverse effective lifetime
versus injection level, performing a correction of the effec-
tive lifetimes for Auger recombination, and afterwards
extracting the saturation current density at a metallized
surface and the saturation current density at a non-metallized
surface from a slope of a linear fit of the total saturation
current density versus metal coverage.

In embodiments of the present disclosure, the semicon-
ductor substrate may be a silicon substrate, although the
present disclosure is not limited thereto.

The method may further comprise correcting the mea-
sured injection levels and/or correcting the measured effec-
tive lifetimes taking into account the influence of metal
conductivity, before extracting the recombination character-
istics.

Methods of the present disclosure may advantageously be
used for determining recombination characteristics of (pas-
sivated) emitter contacts and/or (passivated) base contacts of
photovoltaic cells.

It is a potential advantage of methods of the present
disclosure that recombination characteristics may be deter-
mined as a function of injection level. This may, for
example, provide an indication of how well contact passi-
vation performs at both low and high illumination intensi-
ties.

It is a potential advantage of methods of the present
disclosure that the injection level may be measured together
with the recombination characteristics, e.g., the injection
level may be obtained from the photo-conductance measure-
ment itself. It is a potential advantage of being able to
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measure the injection level that accurate recombination
characteristics may be extracted.

It is a potential advantage of methods of the present
disclosure that there may be no need to have a finished
device for enabling the determination of recombination
characteristics. This allows determining the recombination
characteristics at different stages of device processing.

Certain objects and advantages of various inventive
aspects have been described herein above. Of course, it is to
be understood that not necessarily all such objects or advan-
tages may be achieved in accordance with any particular
embodiment of the disclosure. Thus, for example, those
skilled in the art will recognize that the disclosure may be
embodied or carried out in a manner that achieves or
optimizes one advantage or group of advantages as taught
herein without necessarily achieving other objects or advan-
tages as may be taught or suggested herein. Further, it is
understood that this summary is merely an example and is
not intended to limit the scope of the disclosure. The
disclosure, both as to organization and method of operation,
together with features and advantages thereof, may best be
understood by reference to the following detailed descrip-
tion when read in conjunction with the accompanying draw-
ings.

BRIEF DESCRIPTION OF THE FIGURES

FIG. 1 schematically shows a cross section of an example
a test structure that may be used in a method according to the
present disclosure.

FIG. 2 shows a bottom view of the test structure of FIG.
1, illustrating a single zone of the test structure.

FIG. 3 illustrates an equivalent circuit for a unit cell of a
test structure of the present disclosure with square metal
features.

FIG. 4 shows the difference between the saturation current
density of a metallized emitter and the saturation current
density of a non-metallized emitter as a function of injection
level, as determined using a method of the present disclosure
on a test structure with p-n junctions. [llustrated error bars
are 95% confidence intervals.

FIG. 5 shows the difference between the saturation current
density of a metallized back surface field region and the
saturation current density of a non-metallized back surface
field region as a function of injection level, as determined
using a method of the present disclosure on a test structure
with high-low junctions. Illustrated error bars are 95%
confidence intervals.

FIG. 6 shows the extracted saturation current density for
test structures with an emitter at both sides in accordance
with a method of the present disclosure. FIG. 6 shows the
effective J; 4., incorporating the effect of bulk recombina-
tion and recombination in the passivated (non-metallized)
emitter as a function of injection level.

FIG. 7 shows the extracted saturation current density for
a test structure with a back surface field region (n-type
high/low junction) at both sides. FIG. 7 shows the effective
Jo.zie1 iIncorporating the effect of bulk recombination and
recombination in the non-metallized back surface field
region as a function of injection level.

FIG. 8 shows the extracted surface recombination veloc-
ity for a test structure without junctions wherein the metal
directly contacts the bulk of the silicon wafer. FIG. 8 shows
the difference between the surface recombination velocity at
the metal contacts and the surface recombination velocity at
the non-metallized surfaces.
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FIG. 9 shows the extracted surface recombination veloc-
ity for a test structure without diffusions in accordance with
a method of the present disclosure. FIG. 9 shows the
effective S ;,; incorporating the effect of bulk recombination
and recombination at non-metallized surfaces as a function
of injection level.

FIG. 10 shows the inverse effective lifetime as a function
of metal coverage, at an injection level of 7.10"° cm™,
extracted on a test structure in accordance with the present
disclosure, before (squares) and after (dots) correction for
local shunting due to the presence of metal. The test struc-
ture comprises an n-type silicon wafer with a p* type emitter
diffusion at both sides.

Any reference signs in the claims shall not be construed
as limiting the scope of the present disclosure.

In the different drawings, the same reference signs refer to
the same or analogous clements.

DETAILED DESCRIPTION

In the following detailed description, numerous specific
details are set forth in order to provide a thorough under-
standing of the disclosure and how it may be practiced in
particular embodiments. However, it will be understood that
the present disclosure may be practiced without these spe-
cific details. In other instances, well-known methods, pro-
cedures and techniques have not been described in detail, so
as not to obscure the present disclosure.

The present disclosure will be described with respect to
particular embodiments and with reference to certain draw-
ings but the disclosure is not limited thereto but only by the
claims. The drawings described are only schematic and are
non-limiting. In the drawings, the size of some of the
elements may be exaggerated and not drawn on scale for
illustrative purposes. The dimensions and the relative
dimensions do not necessarily correspond to actual reduc-
tions to practice of the disclosure.

Furthermore, the terms first, second, third and the like in
the description and in the claims, are used for distinguishing
between similar elements and not necessarily for describing
a sequential or chronological order. The terms are inter-
changeable under appropriate circumstances and the
embodiments of the disclosure can operate in other
sequences than described or illustrated herein.

Moreover, the terms top, bottom, over, under and the like
in the description and the claims are used for descriptive
purposes and not necessarily for describing relative posi-
tions. It is to be understood that the terms so used are
interchangeable under appropriate circumstances and that
the embodiments of the disclosure described herein are
capable of operation in other orientations than described or
illustrated herein.

The term “comprising”, used in the claims, should not be
interpreted as being restricted to the means listed thereafter;
it does not exclude other elements or steps. Rather, the term
should generally be interpreted as specifying the presence of
the stated features, integers, steps or components as referred
to, but does not preclude the presence or addition of one or
more other features, integers, steps or components, or
groups thereof. Thus, the scope of the expression “a device
comprising means A and B should not be limited to devices
consisting of or including only components A and B.

The present disclosure provides methods based on photo-
conductance decay measurements for the determination of
recombination characteristics, such as saturation current
densities, recombination currents, surface recombination
velocities or effective lifetimes, at a metallized semiconduc-
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tor surface. In a method of the present disclosure, recombi-
nation characteristics are extracted from effective lifetime
measurements as a function of metal contact fraction, using
a dedicated test structure.

It is generally believed that recombination current mea-
surements at metal-semiconductor contacts cannot be per-
formed by means of a photo-conductance decay method,
because the metal layer of such metal contact is dominant
over the semiconductor substrate conductance. It is believed
that only when using a very thin (e.g., 1 nm to 10 nm
thickness) metal layer, photo-conductance measurements
are feasible.

In methods of the present disclosure, the measurement of
recombination characteristics at metallized semiconductor
surfaces or metal contacts by means of photo-conductance
decay is enabled by using a novel test structure. A test
structure used in a method of the present disclosure com-
prises a semiconductor substrate with a predetermined metal
pattern on at least one of the semiconductor substrate
surfaces. In the further description, the focus is on test
structures with a metal pattern on one semiconductor sur-
face, but the present disclosure is not limited thereto and test
structures having a metal pattern at both semiconductor
surfaces may be used.

The test structures have a patterned metal layer in contact
with the semiconductor, e.g., silicon, surface at predeter-
mined locations, to enable the measurement of recombina-
tion characteristics at metal contacts by means of a photo-
conductance decay method. The test structures allow
covering parts of a semiconductor substrate or semiconduc-
tor wafer with a thick metal layer, while ensuring that the
conductivity of the test structure remains dominated by the
conductivity of the semiconductor substrate. As a result,
minority carrier properties may be probed despite the metal
coverage. In the context of this disclosure, a metal layer is
considered as being thick if its sheet resistance is much
smaller than the sheet resistance of the semiconductor
substrate (wafer) on which it is provided.

It is a potential advantage of using such a predetermined
metal pattern that there may be no need for providing a very
thin metal layer (e.g., 1 nm thin) as in some known methods.
The patterned metal layer may be in direct physical contact
with the semiconductor surface, or a thin passivation layer
(e.g., having a thickness less than about 5 nm) may be
present between the patterned metal layer and the semicon-
ductor surface (passivated contact).

The test structures of the present disclosure comprise at
least two, preferably more than two, zones with different
metal coverage, thus allowing performing measurements as
a function of metal contact fraction (metal coverage).

The semiconductor substrate of a test structure in accor-
dance with the present disclosure may have a p-n junction or
a high/low junction underlying the semiconductor surfaces.
The recombination characteristics of the metallized junc-
tions may preferably be described by a saturation current
density, but can also be described by an (effective) surface
recombination velocity. An effective surface recombination
velocity includes recombination at the semiconductor-metal
interface, recombination in the diffused region, and recom-
bination in the space charge region between the diffused
region and the bulk of the substrate. In the absence of an
underlying junction, the recombination characteristics at the
metallized surface may preferably be described by a surface
recombination velocity.

The present disclosure is further described for embodi-
ments wherein the semiconductor substrate is a crystalline
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silicon substrate. However, the present disclosure is not
limited thereto, and other semiconductor materials may be
used.

A cross section of an example of a test structure 10 that
may be used in a method according to the present disclosure
is shown in FIG. 1. The test structure comprises a silicon
substrate 11 of a first dopant type with a first doped region
12 at a first side and a second doped region 13 at a second
side of the substrate. The first doped region 12 and the
second doped region 13 may have a doping type opposite to
the doping type of the substrate 11, thus forming p-n
junctions underlying the substrate surfaces. In one example,
the first doped region 12 and the second doped region 13
have the same doping profile. In alternative structures, the
first doped region and the second doped region may have the
same doping type as the substrate and a higher doping
concentration, thus forming high-low junctions. At the first
side of the substrate 11 a first surface passivation layer 14,
such as a silicon oxide passivation layer, is present, covering
the entire surface in the example shown. At the second side
of the substrate 11 a second passivation layer 15, such as a
silicon oxide passivation layer, is present. In the example
shown, the second passivation layer 15 covers the entire
surface of the substrate 11 at the second side, apart from
locations where dedicated local openings 17 are provided
through the second passivation layer 15. The test structure
10 further comprises a patterned metal layer, the patterned
metal layer comprising a plurality of metal features 16, each
of the metal features 16 being provided at the location of a
local opening 17 through the second passivation layer 15,
and in contact with the underlying silicon. As illustrated in
FIG. 1, the metal features 16 may overlap the edges of the
passivation layer 15 at the local openings 17. The test
structure 10 thus comprises metal contact areas (areas with
metallized surface), where the metal features 16 are in
electrical contact with the silicon, and passivated or non-
metallized areas/surfaces, where the passivation layer 14, 15
is in contact with the silicon surface (no electrical contact
with a metal feature). The metal features may be in direct
physical contact with the silicon or there may be a thin
passivation layer (tunneling layer) in between, resulting in
passivated contacts as described above.

In embodiments of the present disclosure, the metal
features 16 may, for example, have a circular shape or a
square shape, or any other suitable shape. FIG. 2 shows a
bottom view of the test structure of FIG. 1, with circular
metal features. FIG. 2 shows 25 circular metal features to
illustrate the concept, but in practice the number of metal
features may be much higher, such as in the range of
between about 10° and 10° metal features, e.g., spread over
an area of about 4 cm by 4 cm, although the present
disclosure is not limited thereto.

As illustrated in FIG. 2, the different metal features 16 are
physically separated from one another. In a test structure of
the present disclosure, a characteristic size of the metal
features 16 is smaller than the effective minority carrier
diffusion length in the metal covered area of the silicon
substrate. The characteristic size may be the diameter in case
of circular metal features or a side length in case of square
metal features. This condition results in an approximately
constant minority carrier concentration throughout the test
structure and therefore enables a simpler interpretation of
the measurements (as further described). In addition, in a
test structure of the present disclosure, the spacing (distance)
between neighboring metal features 16 is much smaller than
the effective diffusion length in the passivated (non-metal-
lized) area of the silicon substrate.
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In a test structure of the present disclosure, both the lateral
size of the metal features and the distance between neigh-
boring metal features are typically in the sub-millimeter
range.

FIG. 2 only shows a single zone of a test structure, with
a single metal coverage. Test structures of the present
disclosure may comprise at least two, preferably more than
two, zones with different metal coverage, e.g., with a dif-
ferent ratio between the contacted area (metallized surface
area) and the total zone area. A test structure of the present
disclosure may, for example, comprise a plurality of square
zones, each of the zones having a different metal coverage.
Providing zones with different metal coverage enables sepa-
rating information on recombination in the non-metallized
areas from information related to recombination in metal
covered areas. Preferably, the test structure comprises more
than two different zones, such as nine different zones, each
zone having a different metal coverage. Each zone may have
a size in the order of several square centimeters, such as 4
cmx4 cm. Preferably, each zone of the test structure is
composed of a two-dimensional array of identical unit cells
20, as indicated in FIG. 2, the present disclosure not being
limited thereto.

Typical coil frequencies used during radio-wave detected
contactless photo-conductance decay measurements are in
the 11 MHz range, which corresponds to probing the wafer
under test with electromagnetic radiation with a wavelength
of about 27 m. Since the wavelength of the radiation by
which the test structure is probed is many orders of magni-
tudes larger than the characteristic size of the metal pattern
on the wafer, the equivalent resistance that is observed by
the radiation may be found from ordinary electric circuit
theory. No wave effects need to be taken into account.

From ordinary electric circuit theory, an approximate
expression for the influence of the presence of metal features
16 on the test structure conductivity may be derived. An
estimation of the influence of metal conductivity on the
resistance of the wafer can be obtained by using the equiva-
lent circuit shown in FIG. 3 for a unit cell 20 of a test
structure of the present disclosure with square metal features
16. Each unit cell 20 (as indicated in FIG. 2, for example)
of a zone of the test structure can be considered as being
composed of a first area which is not contacted by metal (but
covered by the passivation layer 15) and a second area which
is locally shorted by a metal feature 16. Perfect local
shunting is assumed in this example. The electrical resis-
tance of the metal layer is assumed to be much smaller than
the electrical resistance of the silicon substrate 11. The
impedance due to the capacitance between metal features 16
is assumed to be much larger than the impedance due to the
conductivity of the substrate 11 between metal features. The
resistances R, R, shown in the equivalent circuit of FIG. 3
are then given by:

_ 2R

(1
k=<4

and

Rs 58
2d

@

» =

wherein S is the pitch of the metal features, d is the length
of the sides of the square metal features and R, , is the sheet
resistance of the silicon wafer. The sheet resistance R of the
metallized wafer is then given by:
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1= Cper
1+ Gl

3
Rs = Rssi @

wherein C,, is the metal coverage fraction given by the
ratio between the metal contacted area and the total area of
a unit cell.

In case of circular metal features the sheet resistance R,
of the metallized wafer is approximately given by:

4C s )

-1
14—
7 =2NnCper }

Rs = Rssi

Measured photo-conductance data may be corrected to
obtain the wafer conductance. The correction factor depends
on the test structure geometry. For a test structure compris-
ing an array of circular metal dots, wafer conductivity o, is
related to the measured conductivity o by equation (5).

meas

5
| ®

4Coer }

b ma
=2V aCppe

Tmeas = T si

For a test structure comprising an array of square metal
dots, wafer conductivity o, is related to the measured
conductivity o, by equation (6).

meas

1+ C,Snf,
Tmeas = T si —C
= Y met

©

Further corrections may be applied to take into account
the effect of non-zero contact resistance between the metal
and the semiconductor. Finite contact resistance causes local
shorting of the device under test to be imperfect. More
specifically, it approximately takes a transfer length L, for
current to flow from the semiconductor to the metal, wherein
the transfer length equals contact resistance divided by sheet
resistance. The transfer length effect can approximately be
taken into account by considering that the effective metal dot
size is approximately reduced by twice the transfer length:
one transfer length for the current to flow from semicon-
ductor to metal and one transfer length for current to flow
back again. Thus:

d ged-2L7 (7)

For circular dots, metal coverage is given by:

®

rd?

Coner = E
Substituting d by d_, then yields the effective metal
coverage that influences wafer conductivity when the pres-

ence of contact resistance results in imperfect shorting of the
substrate:

7Q-2Lp)" Ly )

Cop= = = cmg,(1 -+ 2[%]2]
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C,.r can be substituted by C,_, to estimate the effect of
finite contact resistance on correction factors due to metal
coverage. Similar expressions may be derived for test struc-
tures comprising an array of metal dots with a different
shape, such as an array of square metal dots. These correc-
tions are only applicable if L, is smaller than d. If L, is much
larger than the characteristic size d, the effect of local
shunting due to the presence of metal may be negligible.

In a method of the present disclosure, the recombination
characteristics are extracted from effective lifetime measure-
ments as a function of metallized area coverage using test
structures as described above, and using photo-conductance
decay measurements. For substrates or test structures with
two areas A,, A, with different recombination rates per unit
area R;, R,, the total recombination rate R is the area-
weighted sum of the recombination rates in the two areas if
the recombination rate is constant throughout each area. This
may be expressed as follows:

Ay Ay
R="Lp +22p,
A A

10

A test structure used in a method of the present disclosure
has two such areas with different recombination character-
istics. In the further description, a test structure as shown in
FIG. 1 is assumed.

The first area is a two-side passivated region, e.g., having
a Si—Si0, interface at both surfaces. The recombination
rate in the first area is given by equation (11), wherein R,
is the recombination rate at a passivated (non-metallized)
surface and R, ,,;; is the recombination rate in the silicon bulk
of the test structure. It is further assumed that passivated
areas have the same surface passivation at both sides.

Ry =2R jier+Rpuar (11

The second area of the test structure has the same surface
passivation as the first area on a first side of the substrate and
has different recombination characteristics at the second side
of the substrate. At the second side, the surface in the second
area may for example comprise a silicon-air interface, a
silicon-metal interface, or silicon-passivated contact inter-
face. A passivated contact can, for example, comprise a
dielectric-metal stack, a dielectric-polysilicon-metal stack,
or an amorphous silicon-metal stack, the present disclosure
not being limited thereto. The recombination rate in the
second area of a test structure of the present disclosure is
given by equation (12), wherein R ___ is the recombination
rate at the silicon-metal interface.

Ro=R gieRmertRuuir

Assuming that the recombination rate per unit area in the
bulk of both areas and the recombination rate per unit area
at the non-metallized surfaces are equal in both areas, the
total recombination rate for a test structure of the present
disclosure may be written as given in equation (13).

met

12

R=Rp,y3+2R gior+ Corord RinerRaiell

13)

wherein C,,,, is the metal coverage: C,,.=A,/A.

Therefore, in a method of the present disclosure, the
difference between the recombination rate at the metallized
and passivated (non-metallized) surfaces (R,,.,~R ;.,) can be
extracted from the slope of the recombination rate R versus
metal surface coverage fraction C,,_,.

The method of the present disclosure is further described,
for example, wherein the substrate is an n-type silicon wafer

having at both sides a p-type diffused region (emitter
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region). It is assumed that the injection level is constant over
the substrate thickness (in the bulk of the substrate), and
over the entire substrate area. This is a reasonable assump-
tion for wafers with an emitter region (or a back surface field
region) at the front side and at the back side if the wafer
thickness and the contact opening size (size of the metal
features) are both much smaller than the minority carrier
diffusion length.

Emitter recombination R,
saturation current density J

can be described by a
that is defined by:

emitter

0,emitter

14

0,emitter

J
Remitrer = —ZAP(ND +4Ap)
q;

in which a recombination mechanism characterized by an
ideality factor one is assumed. Ap is the injection level at the
bulk-side of the space charge region between emitter and
bulk and N, is the doping concentration in the bulk of the
wafer.

Bulk recombination is described by an effective lifetime:

Routi=ApW i 15)

wherein W is the distance between the emitter space charge
regions at the first side and at the second side of the test
structure, which is approximately equal to the substrate
thickness. It is assumed that the bulk injection level Ap is
constant over the wafer thickness. This is the case if the bulk
minority carrier diffusion length is much larger than the
wafer thickness.

From the total recombination rate R (as given in (13)), a
global effective lifetime T, is defined: R=ApW/t ;. This
yields the following expression for T,

1 1 Np +Ap (16)
= + Jo0r )
Teff Thull gni W
11 Np +Ap Np+Ap an
. = + JO,dielqn‘TW + Coner [Jomer = Joiet] W

Jomer 18 the saturation current density of the metallized
emitter of the test structure, J; 4., is the saturation current
density of the passivated (non-metallized) emitter of the test
structure, and Iy, is the total emitter saturation current
density of the test structure. T, is the global effective
lifetime of the test structure, T,,, is the minority carrier
lifetime in the bulk of the wafer, N, is the doping concen-
tration in the bulk of the wafer, and Ap is the injection level
in the bulk of the wafer. The injection level is assumed to be
constant over the wafer thickness in the bulk of the wafer
and in the plane of the test structure. q is the electron charge,
n, is the intrinsic carrier density, and W is the wafer thickness
(more accurately: the distance between the space charge
regions of both emitter regions).

At arbitrary injection levels, I, ..,~Jo 4., can be extracted
from the slope of the inverse effective lifetime (1/t.p)
measured by photo-conductance decay versus metal cover-
age (C,,.,). Both t,-and Ap are the quantities extracted from
the photo-conductance measurements. Both may need to be
corrected for local shunting due to the presence of metal
features before they are used to calculate recombination
parameters. As further described, for steady state and gen-
eralized photo-conductance measurements, both injection
level and lifetime need to be corrected. For transient mea-
surements, only the injection level needs to be corrected.
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Based on (17), an upper limit of J, 4., can be extracted
from the intercept of inverse effective lifetime (1/t,,) versus
metal coverage (C,,.,) with the C,, =0 axis.

In high injection (Ap>>Np,), I, ., can be extracted from
the slope of 1/t as a function of injection level. After
correction for Auger-recombination, T,,, is assumed to be
independent of injection level. Therefore, I, ., and I, ,.,
can be extracted from I, versus metal coverage data,
irrespective of the relative magnitude of bulk recombination
and recombination at the passivated surface:

18)

Equations (3) and (4) show that even though the resis-
tance of the test structures of the present disclosure remains
dominated by the silicon substrate, metal coverage does
have an influence on the resistance of the wafer. This results
in an influence on the measured injection levels during
photo-conductance measurements and on the measured
effective lifetimes. The influence on measured effective
lifetime depends on the mode in which the conductivity
measurement is done, as described below.

Without going through the detailed derivation, it can be
shown that the relation between measured injection level
AP, ousreq A0 actual injection level Ap,, , is approximately
given by equation (19) for a test structure comprising
circular metal features, and by equation (20) for a test
structure comprising square metal features.

Jo 1077290, g1ert Crn etl.‘] o meJo.diel |

A A . 4Cer r 19
Preat = APmeasured|l + —————
7= 2N 7Cher
1 = Crer (20)
Apreat = APmeasured o

met

Therefore, the injection level is over-estimated in photo
conductance measurements on partly metal covered wafers
due to local shunting by the metal layers.

The effect of errors in measured injection levels on errors
in extracted minority carrier lifetimes depends on whether
photo-conductance measurements are performed in a tran-
sient mode, steady state mode or generalized mode. It is
assumed that the behavior of majority carriers is fully
determined by the minority carrier concentration and the
requirement of charge neutrality. The continuity equation for
minority carriers (holes) is considered without taking into
account trapping effects:

[ 21
qd—fz—VJp+q(G—R) @b

For calculating the influence of wafer shorting due to the
partial metal coverage on extracted effective lifetimes, it is
assumed that the current is slowly varying such that its
gradient is negligible compared to the net recombination
term. For negligible current gradients, and explicitly writing
the recombination current in terms of the excess minority
carrier concentration and an effective lifetime, equation (21)
becomes:

Ap
ngf

dp G 22)

5=
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Recognizing that the time-rate of change of minority
carrier concentration equals the time-rate of change of the
excess minority carrier density, this equation can be written
in terms of effective lifetime as:

1 G 1 6Ap

@23

Teff = Ap Ap ot

wherein T, is an effective lifetime and G is the generation
rate, being defined as the number of minority carriers
generated in the wafer per second and per unit volume.
Therefore, misinterpretations of the injection level may
result in errors on the measured effective lifetimes and a
correction may need to be made.

Depending on the time rate of change of the excess
minority carrier density compared to the generation rate,
either a transient analysis (wherein the minority carrier
lifetime is much longer than the characteristic decay time of
the generation term), a steady state analysis (wherein the
characteristic decay time of the generation term is much
longer than the minority carrier lifetime), or a generalized
analysis applies.

In a transient analysis, the generation term decays much
faster than the characteristic time in which minority carrier
concentration changes. Equation (23) then becomes:

1 1 6ap (24)
T Ap ot
In combination with equation (19) this yields:
1 1 6prea (25)

Tmeasured ~ DPreat 01

Therefore, shorting of the wafer by metal coverage has no
influence on measured effective lifetimes, as long as the
extent of shorting is not injection level dependent. However,
if the metal contact area fraction is not taken into account,
the injection level is underestimated. The latter does have an
indirect effect on extracted saturation currents when effec-
tive lifetimes depend on injection level. Not taking local
shorting due to metal into account results in overestimation
of injection levels.

In a steady state analysis, changes in excess minority
carrier densities are assumed to occur in much faster time
scales than characteristic changes of generation terms. Mea-
sured effective lifetimes are then given by:

1 G (26)
Timeasured  DPmeasured
Similarly, the actual effective lifetimes are given by:
1 G @n
Treal Preal

Combination of equations (26), (27) and (19) yields an
approximate relation between real and measured effective
lifetimes as a function of metal coverage, obtained from



US 9,465,069 B2

15

steady-state photo-conductance measurements. For a test
structure with circular metal dots this is approximately given
by equation (28); for a test structure with square metal dots
this is approximately given by equation (29).

L AC et } (28)
Treal = Tmeasured| 1 + ———F——
7 =2V 7Cper
L= Cer 29

Treal = Tmeasured —375°
1+ C,Sn/g,

Therefore, the presence of metal results in over-estimation
of minority carrier lifetimes extracted from steady-state
photo-conductance measurements and an appropriate cor-
rection is needed.

In case of a generalized analysis, the functional relation
between real and measured effective lifetimes extracted
from photo conductance measurements may be found by
means of a similar derivation.

Although the method of the present disclosure is
described above mainly for the determination of saturation
currents on test structures with p-n junctions, the method
may also be used for determining recombination character-
istics on test structures without p-n junctions. For example,
for samples with high-low junctions (n*-n junctions or p*-p
junctions) or for samples without any junction, recombina-
tion characteristics at metallized surfaces may also be mea-
sured using a test structure of the present disclosure. For this
case, inverse effective lifetime is given as a function of metal
coverage as:

1 1

Teff B Tp

G,
+ W’"(Sm

(B0

28,
W =5)

wherein T, is the effective lifetime, T, is a bulk minority
carrier lifetime, S, is the effective surface recombination
velocity at the passivated (non-metallized) surface, S,, is the
effective surface recombination velocity at the metal cov-
ered surface, and C,, is the metal coverage and W is wafer
thickness. From equation (30) the difference between effec-
tive surface recombination velocity at the metal covered
surface and at the passivated surface can be extracted as a
function of injection level.

The test structure of the present disclosure may also be
used to determine effective lifetimes instead of saturation
current densities or surface recombination velocities. In this
case:

1 1

Tp

BD

Tfjf

wherein T, is an effective lifetime for the entire test struc-
ture (e.e., the measured quantity as a function of metal
coverage), T, is the effective lifetime in passivated (non-
metallized) areas, and T, is the effective lifetime in metal
covered areas.

Methods of the present disclosure may advantageously be
used for saturation current density extraction of metallized
emitters of photovoltaic cells, for example.

Using methods of the present disclosure, saturation cur-
rent extraction was performed for test structures with Al
contacts on diffused boron emitters. In addition, using
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methods of the present disclosure, recombination character-
istics were determined for test structures with Al contacts on
test structures comprising high/low junctions (e.g., as in a
back surface field region of photovoltaic cells) and for test
structures without any diffused regions. All measurements
were done using a steady state analysis.

Semi-square 156 mmx156 mm, 150 to 160 micrometer
thick n-type Cz Si wafers with a bulk resistivity of 3 to 8
Ohm-cm were used in the experiments. An experimental
split was made between: (a) wafers with an emitter diffusion
(p™ diffusion forming a p-n junction at both wafer sides); (b)
wafers with a back surface field diffusion (n* diffusion
forming a high-low junction at both wafer sides); and (c)
wafers without any diffusion. A thermally grown silicon
oxide layer was used as a passivation layer.

For the saturation current measurements, each passivated
wafer was divided into nine zones, in which different
fractions C,,,, were provided. Circular openings with 15
micrometer diameter were lithographically defined and
etched through the passivation layer. The nominal coverage
of the exposed region ranged from between about 0% to
17% (e.g., 0%, 1.25%, 2.5%, 5%, 7.5%, 10%, 12.5%, 15%,
and 17%). Due to possible over-etching or under-etching
and/or over-development or under-development during
lithographical definition of the contact openings, the actual
coverage may be somewhat different. The distance between
the openings varied between 118.9 micrometer for the zone
with 1.25% coverage and 32.2 micrometer for the zone with
17% coverage. In all zones, circular metal dots with a
diameter of 15 micrometer were used. A 0.5 micrometer
thick Al layer was subsequently sputtered on the wafer and
etched such that only the exposed silicon regions remained
covered. Then a forming gas anneal was done.

Effective lifetime measurements were performed on these
test structures in accordance with a method of the present
disclosure. For each of the nine zones with different metal
coverage of the test structure a quasi-steady state photo-
conductance (QSSPC) measurement was done. FEach
QSSPC measurement yields effective lifetimes as a function
of injection level. Thus, results are obtained as a function of
metal coverage and as a function of injection level.

FIG. 4 shows the difference between the saturation current
density J, ., of the metallized emitter and the saturation
current density I, 4., of the non-metallized emitter as a
function of injection level, as determined using a method
according to the present disclosure. Error bars are 95%
confidence intervals. For emitters with good surface passi-
vation and with non-passivated metal contact as in the test
structure used in the experiment, it may be assumed that
Jomer i much  larger than I, 4., therefore
Jo.mer=do.diero mer Therefore, the data shown in FIG. 4 can
be considered as a lower limit for the saturation current
density of the metallized emitter. These results were
obtained by first measuring the effective lifetime as a func-
tion of injection level for different metal coverages and then
extracting the saturation current density from the slope for
the different injection levels. In the results shown, injection
levels and effective lifetimes have been corrected for local
shorting due to the presence of metal features as described
above, before extracting saturation current densities from
the measurements.

FIG. 5 shows the difference between the saturation current
density of the metallized back surface field region and the
saturation current density of the non-metallized back surface
field region as a function of injection level, as in FIG. 4, but
for a test structure with a high-low junction instead of a p-n
junction at both sides of the wafer.
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FIG. 6 shows the extracted saturation currents for test
structures with an emitter diffusion at both sides of the test
structure. FIG. 6 shows the effective I, ., incorporating the
effect of bulk recombination and recombination in the
passivated (non-metallized) emitter. The I, ., shown in
FIG. 6 was extracted from the intercept with the C,,_,=0 axis
of a linear fit of inverse effective lifetime versus metal
coverage for different injection levels. In general, the inter-
cept has a contribution from bulk recombination and a
contribution from recombination in the passivated emitter. It
was assumed that the bulk recombination component is
negligible compared to the recombination component in the
passivated emitter. Therefore, the estimate for I, ,; shown
in FIG. 6 is an upper limit for J, ., since there is a (small)
contribution from bulk recombination which was not taken
into account.

FIG. 7 shows the extracted saturation current density for
test structures with a back surface field region (high-low
junction) at both sides. FIG. 7 shows the effective I, 4.,
incorporating the effect of bulk recombination and recom-
bination in the non-metallized back surface field region as a
function of injection level, as in FIG. 6 extracted from the
intercept with the C,, =0 axis of a linear fit of inverse
effective lifetime versus metal coverage for different injec-
tion levels.

FIG. 8 shows the difference between the surface recom-
bination velocity at the metal-semiconductor interface S,,.,
and the surface recombination velocity at the non-metallized
semiconductor surface S, ; as a function of injection level
for test structures without diffused regions. Error bars are
95% confidence intervals. For samples with good surface
passivation and with non-passivated metal contacts as in the
test structure used in the experiment, it may be assumed that
S, 1s much larger than S ,_;, therefore S,,.,—-S ;./~S,..,- The
values shown in FIG. 8 can therefore be considered as a
lower limit for S,,.,. These results were obtained by first
measuring the effective lifetime as a function of injection
level for different metal coverages and then extracting the
surface recombination velocity from the slope for the dif-
ferent injection levels. In the results shown, injection levels
and effective lifetimes have been corrected for local shorting
due to the presence of metal features as described above,
before extracting saturation current densities from the mea-
surements. The extracted surface recombination velocities
shown here are most likely an underestimation because the
injection level at the silicon-metal interface is most likely
significantly lower than the average injection level due to the
high recombination rate at that surface.

FIG. 9 shows the extracted surface recombination veloc-
ity for test structures without a diffused region. FIG. 9 shows
the effective S,,; incorporating the effect of bulk recombi-
nation and recombination at the non-metallized surfaces as
a function of injection level, extracted from the intercept
with the C, =0 axis of a linear fit of inverse effective
lifetime versus metal coverage for different injection levels.

FIG. 10 shows the inverse effective lifetime as a function
of metal coverage for a sample with an emitter diffusion at
both sides. FIG. 10 shows both the as-measured effective
lifetime and the effective lifetime that was corrected for the
effect of local shorting due to the presence of the metal, at
an injection level of 7.10"° ¢cm™>. It can be seen that the
correction for local shunting due to the presence of metal
increases the slope of inverse effective lifetime versus metal
coverage.

In accordance with embodiments of the present disclo-
sure, effective lifetime measurements may be interpreted in
several ways:
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i. For samples with an emitter region (e.g., with a p-n
junction) or a back surface field region (e.g., with a
high-low junction), J;,, may be extracted in high
injection for each metal coverage from the slope of
inverse effective lifetime versus injection level. Then
Jomer and Jo 4ie: MAY be independently extracted from a
linear fit of I, ,,, versus metal coverage.

ii. For samples with an emitter region (e.g., with a p-n
junction) or a back surface field region (e.g., with a
high-low junction), [J; .., ~Jo ze:ls @ lower estimate for
Jo.me: and an upper estimate for J;, ., may be extracted
for all injection levels from a linear fit of inverse
effective lifetime versus metal coverage.

iii. Alternatively, measurements may be interpreted in
terms of surface recombination velocities. For each
injection level, [S,,.,~S,.;| and an upper estimate for
S.; may be extracted from a linear fit of inverse
effective lifetime versus metal coverage. This approach
may also be used for test structures without any dif-
fused region.

iv. For non-ideal samples, for each injection level [1/t,,~
1/t,] and 1/t, may be extracted from a linear fit of
inverse effective lifetime versus metal coverage.

The foregoing description details certain embodiments of
the disclosure. It will be appreciated, however, that no matter
how detailed the foregoing appears in text, the disclosure
may be practiced in many ways. It should be noted that the
use of particular terminology when describing certain fea-
tures or aspects of the disclosure should not be taken to
imply that the terminology is being re-defined herein to be
restricted to including any specific characteristics of the
features or aspects of the disclosure with which that termi-
nology is associated.

While the above detailed description has shown,
described, and pointed out novel features of the disclosure as
applied to various embodiments, it will be understood that
various omissions, substitutions, and changes in the form
and details of the device or process illustrated may be made
by those skilled in the technology without departing from
the disclosure.

The invention claimed is:

1. A method for determining a recombination character-
istic at a semiconductor surface, wherein the method com-
prises:

providing a test structure, wherein the test structure com-

prises:

a semiconductor substrate having a first surface and a
second surface opposite to the first surface;

a first passivation layer on the first surface;

a second passivation layer on the second surface, the
second passivation layer having a plurality of open-
ings at predetermined locations; and

a plurality of metal features in contact with the second
semiconductor surface at the predetermined loca-
tions, thus forming metallized surfaces at the prede-
termined locations and non-metallized surfaces out-
side the predetermined locations,

wherein a characteristic size of the metal features is
smaller than an effective diffusion length in the
underlying semiconductor at the predetermined loca-
tions, and the metal features being provided with a
spacing smaller than an effective diffusion length in
the underlying semiconductor outside the predeter-
mined locations, the metal features being grouped in
a plurality of zones, each of the plurality of zones
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having a different metal coverage, the metal cover-
age being the ratio between the metallized surface
area and the total area;

performing a photo-conductance decay measurement in

each of the plurality of zones, thereby determining
effective lifetimes for different injection levels as a
function of metal coverage; and

extracting the recombination characteristic from the deter-

mined effective lifetimes.

2. The method according to claim 1, wherein extracting
the recombination characteristic from the determined effec-
tive lifetimes comprises determining a difference between
the recombination characteristic at a metallized surface and
the recombination characteristic at a non-metallized surface
for each of the injection levels from a slope of a linear fit of
inverse effective lifetime versus metal coverage.

3. The method according to claim 1, wherein extracting
the recombination characteristic comprises determining an
upper value of the recombination characteristic at a non-
metallized surface for each of the injection levels from an
intercept of a linear fit of inverse effective lifetime versus
metal coverage with a zero metal coverage axis.

4. The method according to claim 1, wherein the recom-
bination characteristic is a surface recombination velocity.

5. The method according to claim 1, wherein the recom-
bination characteristic is a saturation current density.

6. The method according to claim 1, wherein the recom-
bination characteristic is an inverse lifetime.

7. The method according to claim 1, wherein the semi-
conductor substrate comprises a first doped region forming
a first p-n junction underlying the first surface and a second
doped region forming a second p-n junction underlying the
second surface, and wherein the recombination characteris-
tic is a saturation current density.

8. The method according to claim 1, wherein the semi-
conductor substrate comprises a first p-n junction underlying
the first surface and a second p-n junction underlying the
second surface, and wherein extracting the recombination
characteristic comprises:

determining a total saturation current density at high

injection for each metal coverage from a slope of
inverse effective lifetime versus injection level;
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performing a correction of the effective lifetimes for
Auger recombination; and

afterwards extracting the saturation current density at a
metallized surface and the saturation current density at
a non-metallized surface from a slope of a linear fit of
the total saturation current density versus metal cover-
age.
9. The method according to claim 1, wherein the semi-
conductor substrate comprises a first doped region forming
a first high/low junction underlying the first surface and a
second doped region forming a second high/low junction
underlying the second surface, and wherein the recombina-
tion characteristic is a saturation current density.
10. The method according to claim 1, wherein the semi-
conductor substrate comprises a first high/low junction
underlying the first surface and a second high/low junction
underlying the second surface, and wherein extracting the
recombination characteristic comprises:
determining a total saturation current density at high
injection for each metal coverage from a slope of
inverse effective lifetime versus injection level;

performing a correction of the effective lifetimes for
Auger recombination; and

afterwards extracting the saturation current density at a
metallized surface and the saturation current density at
a non-metallized surface from a slope of a linear fit of
the total saturation current density versus metal cover-
age.

11. The method according to claim 1, wherein the semi-
conductor substrate is a silicon substrate.

12. The method according claim 1, further comprising
correcting the determined injection levels and effective
lifetimes taking into account the influence of metal conduc-
tivity, before extracting the recombination characteristic.

13. The method according to claim 1, wherein the first
passivation layer is a continuous layer covering the first
surface.

14. The method of claim 1, wherein the extracted recom-
bination characteristic is of one or more of a emitter contact
or a base contact of a photovoltaic cell.
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